Abstract: A novel method based on particle filter has been proposed for Rayleigh channel state estimate and tracking in this paper. After receiving a symbol, the particles approximate the channel state at a higher temperature and a sequential resampling is taken to generate the initial particles for the lower temperature particle filter . With this simulated annealing scheme, the particle filter conquers degeneration problem and converges globally. The proposed algorithm has been implemented in a system on Rayleigh channel with BPSK modulation. Also the consistency and sensitivity of the algorithm has been tested and the simulation results show that the proposed algorithm is good enough to be applied to the wireless communication practice.
I INTRODUCTION
In wireless communication, inter-symbol interference is a limiting factor and the knowledge of channel state information is of vital importance. Many methods have been proposed to estimate channel state information [1] [2] [3] [4] , however, these methods assume that the estimate problem is linear/Gaussian which is not always the case. Particle filter [5, 6] is a well known technique for implementing a recursive Bayesian filter by Monte Carlo simulations. It has been used widely in dynamic system estimation [7] , target tracking [8] , etc., where the states are mostly nonlinear/non-Gaussian, however, the problem with these algorithms is the performance degeneration. The method of simulated annealing algorithm was proposed by Kirkpatric et al as an optimization method for combinatorial problems [9] . It explores the connection between statistical mechanics and multivariate or combinatorial (finding the minimum of a given function depending on many parameters) optimization, where the search state space has been divided and equilibrium is reached at every given temperature until the global optimization point is found. In this paper, a novel approach is introduced to estimate and track Rayleigh channel state information based on particle filter with simulated annealing algorithm. The receiver is semiblind and the channel model is considered as the same in Ref. [10] .
II SYSTEM MODELS
The channel state k x can be considered as a Rayleigh process in the worst scenarios, where at time instant k, k x can be modeled as a complex Gaussian process passing through a Jakes filter. It is surprising that the information-theoretical results in Refs. [11, 12] show that a first-order Markovian model offers sufficient accuracy to model the Rayleigh narrow band time-varying channel. Thus a first-order Markovian model will substitute Jakes filter and as a result the channel state process can be modeled as,
where k x is the channel state at time k, k β is the first-order
Markovian model coefficient at time k and k d is the state space noise at time k which may be non-Gaussian. Eq. (1) is the state equation for our problem.
The received signal at the receiver end can be described as,
where k r is the received signal at time k, k s is the transmitted symbol, and k v is the measurement noise which may be non-Gaussian. Eq.(2) is the measurement equation for our problem. For convenience, a scalar form of Eq.(1) and Eq.(2) will be discussed in the next part for our proposed algorithm. Our task is to estimate the channel state k x with the observations 1:k r .
Ⅲ THE NEW CHANNEL ESTIMATE METHOD
We will simulate the state space noise with simulated annealing algorithm without the knowledge of the state space noise features. The measurement noise can be determined easily due to its nature and it will be considered as known in our algorithm for simplicity.
At the first stage, the estimator is working in supervised mode in which pilot information is transmitted. We first draw a set of initial particles
N is the size of the particle set.
On the arrival of every symbol at the receiver at time k, the channel state is first simulated at high temperature, where the state space noise k d is considered as a Gaussian distribution with high variance 1 .
σ At every temperature the particles first pass into the updated particle set
where i indexes the i-th iteration at that temperature. The weights of particles,
where k s is the transmitted pilot symbol at time k and Table 1 .
Once the supervised mode terminates, the receiver enters into tracking mode. The proposed algorithm in tracking mode is slightly different from the supervised mode and the proposed algorithm on the tracking stage is illustrated in 
End for End for
Simulated annealing algorithm plays an important role in the proposed algorithm. First, we find that the steps contained in the most inner for cycle in Table 1 and Table 2 are the standard SIR algorithm. However, with the iteration of the Bayesian filter, the particles will degenerate rapidly [6] and only few particles will survive, which leads to deteriorated performance. In our proposed algorithm, after the iteration at each temperature, a noise with lower temperature will be added to the previous estimated channel state and this will improve the particle filter's vigor. Second, the simulated annealing strategy can force the filter converge to the global optimization point. Third, the proposed algorithm is non-sensitive with measurement noise power which will be shown in Section 3.
IV SIMULATION RESULTS
In this section, an actual wireless communication environment from Ref. [10] is taken for our proposed algorithm.
The parameters used in Eq. (1) (1 ) (0, )
and as in Ref. [13] , we make 0.01 ε = and 100 κ =
here. During the supervised phase, the variance of state space noise at each temperature t is 
The number of particles in the proposed algorithm is s 300 N = . In both supervised and tracking mode, the measurement noise is σ ′ can be determined easily during communication and β is determined by the autocorrelation function of Jakes fading model [11, 13] . The inaccuracy of these parameters will lead to channel state estimate error. In this section, the sensitivity and consistency of the proposed algorithm will be tested by numerical simulation. Figure 1 shows the estimated real and imaginary parts of the Rayleigh channel states in the environment described above, where σ ′ , SNR and coefficientβ , respectively. In Fig.2 and Figure 4 mainly depicts the estimator MSE on differentβ under SNR=25 dB and SNR=5 dB, respectively, i.e., the effect of the Doppler frequency offset estimate on channel MSE. From Fig.4 we can conclude that the estimate error of β is important for the proposed algorithm. But the estimate of β can be precisely enough even when the Doppler frequency is large [12] . From the simulation results listed above, we can conclude that the proposed algorithm can work well in median SNR with Doppler frequency offset systems.
V CONCLUSION
In this paper, a particle filter with simulated annealing algorithm is proposed to estimate and track Rayleigh channel state information using decision directed scheme. By iteratively cooling in particle filter , there are two superiorities in our proposed algorithm. First, there is no degeneration problem in this method. Second, the proposed algorithm converges globally. The proposed algorithm has been implemented in a system on Rayleigh channel with BPSK modulation. Also the consistency and sensitivity of the algorithm has been tested and the simulation results show that the proposed algorithm is good enough to be applied to the wireless communication practice. The relationships between channel estimation and measurement noise, SNR and Doppler frequency have been shown by simulations.
